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ABSTRACT 28 
The continuing clearance of native vegetation for pasture, and especially 29 
cropping, is a concern due to declines in soil organic C (SOC) and N, deteriorating 30 
soil health, and adverse environment impact such as increased emissions of major 31 
greenhouse gases (CO2, N2O and CH4).  There is a need to quantify the rates of SOC 32 
and N budget changes, and the impact on greenhouse gas emissions from land use 33 
change in semi-arid subtropical regions where such data are scarce, so as to assist in 34 
developing appropriate management practices. We quantified the turnover rate of 35 
SOC from changes in δ13C following the conversion of C3 native vegetation to C4 36 
perennial pasture and mixed C3/C4 cereal cropping (wheat/sorghum), as well as δ15N 37 
changes following the conversion of legume native vegetation to non-legume systems 38 
over 23 years. Perennial pasture (Cenchrus ciliaris cv. Biloela) maintained SOC but 39 
lost total N by more than 20% in the top 0-0.3 m depth of soil, resulting in reduced 40 
animal productivity from the grazed pasture. Annual cropping depleted both SOC and 41 
total soil N by 34% and 38%, respectively, and resulted in decreasing cereal crop 42 
yields. Most of these losses of SOC and total N occurred from the >250 µm fraction 43 
of soil. Moreover, this fraction had almost a magnitude higher turnover rates than the 44 
250-53 µm and <53 µm fractions. Loss of SOC during the cropping period 45 
contributed two-orders of magnitude more CO2-e to the atmosphere than the pasture 46 
system. Even then, the pasture system is not considered as a benchmark of 47 
agricultural sustainability because of its decreasing productivity in this semi-arid 48 
subtropical environment. Introduction of legumes (for N2 fixation) into perennial 49 
pastures may arrest the productivity decline of this system. Restoration of SOC in the 50 
cropped system will require land use change to perennial ecosystems such as legume-51 
grass pastures or native vegetation. 52 
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1. Introduction 59 
 60 
Organic C and N are integral components of soil organic matter, which is essential 61 
for agricultural sustainability, environmental stability, and provides a long-term 62 
terrestrial C sink. Although land use change from native vegetation to introduced 63 
pasture has been shown to increase, decrease or produce no change on soil organic C 64 
(SOC) stocks (Murty et al., 2002), that from native vegetation to cropping has 65 
consistently shown a decrease in soil organic C and N, frequently exceeding 50% of 66 
SOC and soil N levels (Haas et al., 1957; Dalal and Mayer, 1986 a, 1986b, 1986c; 67 
Guo and Gifford, 2002; Dalal et al., 2005). A global average of 25-30% SOC loss is 68 
considered a conservative estimate when soil under native vegetation or permanent 69 
pasture is brought under cultivation for cropping (Houghton, 2010).  70 
Harms et al. (2005) studied the effect of land use change from native vegetation to 71 
pasture at 32 paired-sites in southern and central Queensland, Australia. Although 72 
SOC stocks declined by approximately 7% across all sites (0-0.3 m depth), significant 73 
losses in SOC stocks were found in coarse-textured soils such as Lixisols,  but not in 74 
medium –fine textured soils such as Luvisols and Vertisols. These observations were 75 
confirmed for other Lixisols by Dalal et al. (2005a). In these soils, for the 0-0.3 m 76 
depth, SOC decreased by 10% and 19% under perennial pasture and cropping after 77 
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20-years. In Luvisols-Vertisols mixed soil type, Radford et al. (2007) observed no 78 
change in SOC from land use change under native vegetation to that developed for 79 
buffel (Cenchrus ciliaris cv. Biloela) pasture, even after 21 years, thus corroborating 80 
the observations of Harms et al. (2005). Under cropping, however, SOC declined by 81 
38% and total soil N by 56% at 0-0.1 m depth over the 21-year period. Even at 0-0.3 82 
m depth SOC declined substantially under cropping, by 33% or 21.1 Mg C ha-1 during 83 
this period.  84 
It is not known whether changes in SOC under pasture and cropping occurred 85 
from the SOC originating from native brigalow (Acacia harpophylla) vegetation (C3-86 
C) or new C inputs from either perennial buffel pasture (C4) or crops such as sorghum 87 
(C4) after the land use change.  The source and turnover rates of SOC can be assessed 88 
since δ13C values of C3 and C4 vegetation are distinctly different.  For example, C3 89 
plants have δ13C values of -25‰ to -28‰ whereas C4 plants have δ13C values of -90 
11‰ to -14‰ (Balesdent et al., 1987; Skjemstad et al., 1994; Dalal et al., 2005a). 91 
Furthermore, it is possible to estimate the amount and turnover rates of C from 92 
different SOC fractions, such as labile C or particulate organic C, and that in different 93 
particle-size fractions (Martin et al., 1990; Balesdent et al., 1998; Lobe et al., 2005).  94 
This provides information on turnover rates of SOC and N in different fractions such 95 
as >250 µm, 250-53 µm and <53 µm (Cambardella and Illiott, 1992), which play 96 
distinctly different roles in soil aggregation (Tisdall and Oades, 1982) and C 97 
sequestration (Six et al., 2002). These fractions or components of SOC can be used in 98 
SOC modelling, for example in the RothC (Skjemstad et al., 2004) and APSIM 99 
models (Huth et al., 2010). 100 
 Loss of SOC under cropping following land use change not only reduces 101 
productivity (Radford et al., 2007) but also contributes to greenhouse gas emissions, 102 
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especially CO2 to the atmosphere. It is estimated that land use change has contributed 103 
from 108 to 188 Pg C since 1850AD  (Pongratz et al., 2009; Houghton, 2010), with a 104 
median value of 156 Pg C (1850-2005), of which at least 25% was contributed by 105 
SOC loss from agricultural soils (Houghton, 2010). Therefore, SOC loss from an 106 
agro-ecosystem also needs to be considered to assess overall impact on greenhouse 107 
gas emissions to the atmosphere. Furthermore, since the SOC loss under cropping also 108 
leads to soil N loss (Dalal et al., 1986c, 1986c; Radford et al., 2007), this N loss may 109 
contribute to N2O emissions during organic N mineralisation and from denitrification 110 
processes (Dalal et al., 2003). Even a small amount of N2O emission can make a 111 
significant contribution to greenhouse gas emissions to the atmosphere because of its 112 
large global warming potential of 298 relative to CO2 over 100-year time horizon 113 
(IPCC, 2007). In addition, land use change from un-grazed native vegetation to 114 
pasture contributes to greenhouse gas emissions from grazing livestock as CH4 115 
emissions, with a global warming potential of 25 relative to CO2 over 100-year time 116 
horizon (IPCC, 2007).  117 
 The objectives of this study were to: (i) quantify SOC and total soil N stock 118 
changes following land use change from native vegetation to either perennial pasture 119 
or annual cropping; (ii) assess the changes in the amounts of different SOC and total 120 
N fractions to evaluate the relative lability of these fractions under pasture and 121 
cropping; (iii) utilise the changes in 13C natural abundance of SOC following the land 122 
use change from C3 (native vegetation) to C4 (perennial buffel pasture, sorghum) and 123 
that of δ15N to estimate the turnover rates of SOC and N in the whole soil and soil 124 
fractions; and (iv) estimate partial C and N budget and relative contribution of 125 
greenhouse gases from pasture and cropping systems in the context of agricultural and 126 
environmental sustainability. Thus, the outcome of this study will provide the basis 127 
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for the management practices which will lead to the economic and productive 128 
sustainability of the farming systems examined while minimising adverse 129 
environmental impacts, including greenhouse gas emissions. 130 
 131 
 132 
 133 
2. Materials and methods 134 
 135 
2.1. Sampling site 136 
 137 
The study site is located at 24.81oS, 149.80oE at an altitude of 151 m above 138 
sea level. Mean annual rainfall is 720 mm and annual potential evaporation is 2100 139 
mm. The mean maximum temperature is 33.1oC in January and minimum temperature 140 
is 6.5oC in July (Cowie et al., 2007). 141 
 The main soil types at the site are Endosodic Calcic Vertisol and Albic Vertic 142 
Luvisol (IUSS Working Group WRB, 2006). Clay contents vary from 21 to 33 per 143 
cent, and pH 6.6-6.9 at 0-0.1 m depths across the site (Radford et al., 2007). The 144 
dominant native vegetation at the site is brigalow (Acacia harpophylla), and belah 145 
(Casuarina cristata) and black butt (Eucalyptus cambageana) are the co-dominant 146 
species. Detailed description of the site is available from Cowie et al. (2007) 147 
Part of the site was cleared in March 1982 and split into a pasture paddock and 148 
a cropping paddock. The pasture paddock was sown to buffel pasture (Cenchrus 149 
ciliaris cv. Biloela) in November 1982. Grazing of the pasture commenced a year 150 
later and animal stocking rate was adjusted to maintain ground cover >85% during the 151 
experimental period (1983-2005) (Radford et al., 2007). In the cropping paddock, the 152 
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first cereal crop, sorghum (Sorghum bicolor L.) was sown in September 1984. Wheat 153 
(Triticum aestivum L.) was then sown for the next 10 years and sorghum for the last 9 154 
sorghum seasons. During the fallow period, weeds were controlled by tillage although 155 
in later years, minimum tillage practices were introduced for wheat, barley or 156 
sorghum crops, depending on plant available water (opportunity cropping).  Detailed 157 
description on pasture and crop management practices is given by Radford et al. 158 
(2007).  159 
 160 
2.2. Soil sampling and soil organic matter fractionation 161 
 162 
The soil samples were taken in November 2005 at three monitoring sites at 163 
three locations, each on native vegetation, pasture and cropped paddocks. Each 164 
monitoring site was divided into 5 equal blocks. 5 samples were taken down to 0.4 m 165 
depths by a hydraulic-driven corer (0.05 m dia.) and divided into 0-0.1 m, 0.1-0.2 m, 166 
0.2-0.3 m and 0.3-0.4 m depths and bulked for respective depths, producing 3 167 
composite samples at each depth for each land use (3 land uses x 3 replicates). Since 168 
the profile development is weak on the Vertisols, the sampling depths based on 169 
different soil horizons were not considered but followed the standard soil depths used 170 
in soil sampling earlier at this site (Radford et al., 2007). Moreover, IPCC (2006) 171 
guidelines were followed since SOC stocks can be calculated for the top 0.3 m depths. 172 
Soil samples were dried at 40oC and ground to pass <2 mm sieve for soil pH, particle 173 
size analysis and carbon fractionation. Intact soil cores from each depth were also 174 
taken for bulk density measurements. These samples were dried at 105oC to a constant 175 
weight and bulk density was calculated from the oven dry mass of soil and internal 176 
core volume. 177 
 8
 The fractionation procedure for particulate organic matter was essentially that 178 
of Cambardella and Elliott (1992), modified to separate SOC into >250 µm, 250-53 179 
µm and <53 µm fractions. Briefly, 10 g soil sample (<2 mm size) was dispersed in 30 180 
mL of 5 g/L of sodium hexametaphosphate solution by shaking for 15 hr on a 181 
reciprocal shaker. The suspension was passed through a stacked set of 250 µm and 53 182 
µm sieves, rinsed with deionised water several times, and the materials retained on the 183 
sieves was collected (>250 µm and 250-53 µm fractions). The collected material was 184 
dried at 60oC for 3 days, weighed and ground to <0.1 mm size for carbon and δ13C, 185 
nitrogen and δ15N measurements by isotope ratio mass spectrometry. Since water 186 
soluble C generally contains <1 per cent of total SOC and not all of that necessarily 187 
labile (Cook and Allan, 1992) it was not measured and may have been included in the 188 
<53 µm fraction. This fraction may also contain char-C (Skjemstad et al., 2004) and 189 
organo-mineral complexes. 190 
 191 
2.3. Soil analysis for organic carbon and N, and δ13C and δ15N 192 
 193 
Total soil organic C (SOC), different particle-size organic C, and 13C natural 194 
abundance  of soil, soil fraction samples were determined using an Isoprime isotope 195 
ratio mass spectrometer (IRMS) coupled to a Eurovector elemental analyser 196 
(Isoprime-EuroEA 3000, Milan, Italy) with 10% replication. Finely-ground samples 197 
containing inorganic carbonates were pretreated with HCl before analysis. The 198 
isotope ratios were expressed using the ‘delta’ notation (δ), with units of per mil or 199 
parts per thousand (‰), relative to the marine limestone fossil Pee Dee Belemnite 200 
standard (Craig, 1953) for δ13C, using the relationship in equation 1 below: 201 
 202 
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δ13C (‰) = (Rsample / Rstandard – 1) × 1000      (1) 203 
where R is the molar ratio of 13C/12C of the sample or standard (Ehleringer et al. 204 
2000). 205 
The proportion of organic C in soil derived from C4 vegetation was estimated 206 
by using δ13C values and a mixing model (Boutton 1996; Bekele and Hudnall 2003; 207 
Dalal et al. 2005a; Dalal et al., 2011), as in equation 2 below: 208 
 209 
Soil C4-derived Cpasture = (δ13Csoil under pasture - δ13CC3 soil under native vegetation) /  210 
                   (δ13CC4 buffel grass roots - δ13CC3 soil under native vegetation)        (2)  211 
 212 
Soil C4-derived Ccropping = (δ13Csoil under cropping - δ13Csoil under native vegetation) / 213 
  (δ13Cc4sorghum roots – δ13Csoil under native vegetation)                                    (3) 214 
 215 
where δ13Csoil under pasture is the δ13C value of soil organic C under pasture, δ13CC4 is the 216 
average value of δ13C value of C4 buffel roots (-11.86‰; Dalal et al. 2005a) and 217 
δ
13CC3 soil under native vegetation is the δ13C value of C3 soil C under C3 native vegetation.  218 
The proportion of previous vegetation C3-derived C in the soil under pasture is the 219 
difference between the total SOC stock under pasture and the amount of C4-derived C 220 
in the pasture soil. Similar calculations were made for the C4-derived C in the pasture 221 
soil at individual depths and in different fractions, using the corresponding δ13C 222 
values. Thus, no corrections were required for Rayleigh fractionation of enrichment of 223 
δ
13C values with soil depth. Also, a similar procedure was followed for the cropped 224 
site (sorghum roots, -12.5‰) following Diels et al. (2004) and Derrien and Amelung 225 
(2011) although only indicative estimates of SOC-C4 were made due to mixed wheat-226 
sorghum C3/C4 cropping systems over the 23-year period. 227 
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The mean values of δ13C - SOC measured consisted of C3 native vegetation 228 
and C4 buffel grass pasture or C3+C4 crops as follows: 229 
 230 
δ
13C total (23yr) = (δ13Cnative x C native + δ13Cnew (23yr) x Cnew (23yr)) / 231 
   (Cnative + Cnew (23yr))     (4)  232 
where δ13C values are that of total soil organic C, under native vegetation (native), 233 
and either buffel grass pasture (new) or sorghum-wheat cropping (new) and 234 
corresponding SOC stocks after 23 years (23yr) of land use under a given practice. 235 
15N natural abundance of soil samples from the 0-0.1, 0.1-0.2, 0.2-0.3 m and 0.3-236 
0.4 m depths were also determined using an Isoprime isotope ratio mass spectrometer 237 
coupled to a Eurovector elemental analyser (Isoprime-EuroEA 3000).  Finely-ground 238 
samples containing approximately 50µg N were weighed into 8×5 mm tin (Sn) 239 
capsules and analysed against a known set of standards.  The isotope ratios were 240 
expressed using the ‘delta’ notation (δ), with parts per thousand (‰), relative to Nair 241 
standards for δ15N using the following relationship: 242 
 243 
δ
15N (‰) = (Rsample / Rstandard – 1) × 1000     (5) 244 
where R is the molar ratio of the heavy to light isotope (i.e. 15N/14N) of the sample or 245 
standard. 246 
 247 
2.4. Turnover of carbon in whole soil and soil fractions  248 
 249 
The rate of loss of native vegetation C3-derived C in the whole soil and soil 250 
fractions after 23 years under pasture was calculated, as follows (Balesdent et al., 251 
1998; Dalal et al., 2005a): 252 
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  253 
k = -(ln Ct/Co)/t       (6) 254 
 255 
where Co and Ct are the amounts of C3-C initially under native vegetation and at time 256 
t, 23 years under pasture after clearing of native vegetation, respectively, and k (year-257 
1) is the rate of loss of C3-C from soil and soil fractions. Similar calculations were also 258 
made on SOC and SOC fractions from the cropped site although data were considered 259 
tentative  because of C3-C contributions from native vegetation and C3 crops could 260 
not be differentiated and only general trends were shown. Single pool model was 261 
employed since SOC and its fractions under native vegetation were assumed to be at 262 
steady state after long periods (Derrien and Amelung, 2011) since C3 vegetation has 263 
existed at this site for a long time (Johnson 2004), over at least 1,000 years. 264 
 265 
2.5. Partial N budget and estimation of greenhouse gas emissions 266 
  267 
A partial N budget was constructed from the changes in total soil N stocks, 268 
cumulative N removed in the produce (either removed in grain or animal produce 269 
(Radford et al., 2007; unpublished data, C M Thornton, personal communication) and 270 
estimates from Radford et al. (2007). Residue and root N were estimated from 271 
perennial pasture data on a similar Vertisol soil in this region used for pasture 272 
containing 2.5 Mg ha-1 DM litter, 0.8% N, and 10 Mg ha-1 DM roots containing 273 
0.8%N (Robertson et al., 1993). N contained in the crop residue was estimated as 2 274 
Mg ha-1 DM (using harvest index of 0.4 from average grain yield of 1.4 Mg ha-1 over 275 
the 23-year period (from unpublished data, Thornton, personal communication) and 276 
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crop residue containing 0.5%N (values similar to Robertson et al., 1993, for sorghum 277 
in this region). 278 
 Estimations of greenhouse gas emissions following land use change over the 279 
23-year period were made from SOC changes, estimated N2O emissions and animal 280 
CH4 emissions, expressed in CO2-equivalents (CO2-e). N2O emissions were estimated 281 
from N removed in animal produce and cereal grain, assuming 50% N use efficiency 282 
of mineralised N as nitrate-N, and using the emission factor of 1.0% for mineralised N 283 
(IPCC, 2006). Conversion from N to N2O was 1.57 and global warming potential of 284 
N2O relative to CO2 over 100-year time horizon, 298 (IPCC 2007) were used. 285 
Average stocking rate over 23-year period was taken as 0.5 animals ha-1 (Radford et 286 
al., 2007), and emission factor of 60 kg CH4 annually from each animal, and global 287 
warming potential of CH4 relative to CO2, 25 (IPCC, 2006; 2007) were used. 288 
 289 
2.6. Statistical analysis 290 
 291 
The results are presented as mean values of SOC and soil total N stocks. 292 
Analysis of variance (ANOVA) was performed to test the differences in SOC and 293 
SOC fractions between native vegetation, pasture and cropped soils using land use 294 
change as the main treatment plots and depths as the sub-plots in a split-plot design. 295 
Fisher’s protected least significant difference (LSD) was used to determine significant 296 
differences in SOC, total N, δ13C and δ15N,  and different size fractions in soil under 297 
different land uses at P<0.05. 298 
 299 
 300 
 301 
 13
3. Results 302 
 303 
3.1. Soil bulk density 304 
 305 
Soil bulk density was higher in both the pasture (1.30±0.01 Mg m-3) and 306 
cropped (1.26±0.03 Mg m-3) soils compared to the native (1.19±0.02 Mg m-3) soil at 307 
0-0.1 m depths (Table 1). In the cropped soil, bulk density was also higher at 0.1-0.2 308 
m depths than the native soil, although bulk density for the pasture soil was not 309 
significantly different from either the cropped or the native soil. Below these depths 310 
bulk densities of soil under all three land uses were essentially similar. The 311 
cumulative amounts of SOC and total N for 0-0.1 m, 0-0.2 m, 0-0.3 m, and 0-0.4 m 312 
depths were, therefore, corrected for the equivalent soil mass under native vegetation, 313 
using the polynomial relationship (r2 >0.99) between the amount of soil carbon and 314 
soil mass (soil depth x bulk density) (Dalal et al., 2005a). Soil depths reported here, 315 
therefore, refer to those of native vegetation. 316 
 317 
3.2. Soil organic carbon and carbon distribution in different soil fractions 318 
 319 
Organic C stocks in the top 0-0.1 m depths were highest in soil under native 320 
vegetation and lowest in that under cropping (Fig. 1). The pasture soil tended to have 321 
lower SOC stocks than the native vegetation soil but these values were not 322 
significantly different from either the cropping or the native vegetation soil. Similar 323 
trends in SOC stocks were observed at 0.1-0.2 m, 0.2-0.3 m, as well as 0.3-0.4 m 324 
depths under all three land uses. The SOC stocks under cropping were lower by 32-325 
34% as compared to that under native vegetation at all depths studied.  326 
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Cumulative SOC stocks varied from 20.5±2.8 Mg C ha-1 at 0-0.1 m depth in the 327 
cropped soil to 84.0±4.8 Mg C ha-1 at 0-0.4 m depth in the native vegetation soil 328 
(Table 2). The SOC stocks in the pasture soil were between cropped and native 329 
vegetation soil although these values were not significantly different from either land 330 
use. For the 0-0.3 m and 0-0.4 m depths, SOC stocks decreased, respectively, by 22.8 331 
and 24.1 Mg C ha-1 over 23 years of cropping. Thus, on average, about 1 Mg C ha-1 332 
year-1 was lost under cropping. 333 
Amounts of organic C in >250 µm fractions differed significantly among different 334 
land uses and varied from 13.4 Mg C ha-1 in soil under native vegetation to 3.1 Mg C 335 
ha-1 under pasture and only 0.9 Mg C ha-1 under cropping at 0-0.1 m depth (Table 3). 336 
Therefore, the loss of organic C from the >250 µm fraction at 0-0.1 m depth were 337 
77% and 93% from pasture and cropped soils, respectively, compared to that in the 338 
native vegetation soil.  As proportions of total SOC, organic C in the >250 µm 339 
fraction in the native vegetation soil and after 23 years of pasture and cropping were 340 
43%, 12% and 5%, respectively. At 0.1-0.2 m depth, organic C in the >250 µm 341 
fraction was significantly lower in the cropped soil (0.5 Mg C ha-1) than that in the 342 
native vegetation soil (3.1 Mg C ha-1) although in the pasture soil it was similar to that 343 
of the native vegetation soil. No significant differences in organic C in the >250 µm 344 
fraction were observed at 0.2-0.3 m and 0.3-0.4 m depths among the land uses. 345 
Organic C in the 250-53 µm fractions did not differ significantly among the land 346 
uses at any depth (Table 3). However, organic C in the <53 µm fraction was 347 
significantly higher in both pasture and cropped soils at 0-0.1 m depth, compared to 348 
that in the native vegetation soil (Table 3). As a proportion of total SOC, organic C in 349 
the <53 µm fraction under the native vegetation and after 23 years of pasture and 350 
cropping was 41%, 70% and 82%, respectively. While, in the native vegetation soil, 351 
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organic C was almost equally distributed between the >250 µm fraction and the <53 352 
µm fraction, in the pasture as well as the cropped soils, much greater proportion of the 353 
organic C was in the <53 µm fraction. In fact, at 0-0.1 m depth, the <53 µm fraction 354 
contained 4.3 and 5.1 Mg C ha-1 more under cropping and pasture, respectively, than 355 
under native vegetation.  356 
 357 
3.3. δ13C values and C4-C in soil organic carbon and different soil fractions 358 
 359 
SOC δ13C values of pasture (-20.1±0.5‰) and cropped (-21.4±0.7‰) soils 360 
were significantly higher (less negative) than the native vegetation (-25.5±0.1‰) soil 361 
at 0-0.1 m depth. That is, there was C4 vegetation-C contribution to SOC in both 362 
pasture (from C4 buffel grass) and cropping (from C4 sorghum crops) during the 23-363 
year period of land use change from C3 vegetation.  At 0.1-0.2 m depth, only SOC 364 
δ
13C values of the pasture soil were significantly higher than the native vegetation 365 
soil. Below this depth, SOC δ13C values among the three land uses were not 366 
significantly different from each other.   367 
 δ
13C values of organic C in the >250 µm fraction at 0-0.1 m depth in soil 368 
under pasture (-19.4±0.2‰) were significantly higher than that under cropping (-369 
21.2±0.3‰) and native vegetation (-25.5±0.3‰), and the δ13C values in cropping 370 
were significantly higher than the native vegetation. Similar trends in δ13C values 371 
were observed at 0.1-0.2 m, 0-2-0.3 m and 0.3-0.4 m depths although due to large 372 
variations in the δ13C values significant differences among the land uses were not 373 
consistently observed.  374 
 δ
13C values of organic C in the 250-53 µm soil fraction followed generally 375 
similar trends to those in the >250 µm fraction down to 0.3 m depths, that is, δ13C 376 
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values in the 250-53 µm soil fraction were higher under pasture and cropping than 377 
native vegetation at these depths, and those under pasture were also higher than 378 
cropping at 0-0.1 m and 0.1-0.2 m depths. δ13C values of organic C in the <53 µm 379 
fraction under pasture and cropping were higher than that under native vegetation at 380 
0-0.1 m depth only. Below this depth, no significant differences in δ13C values of 381 
organic C in the >250 µm fraction were observed (data not shown).  382 
The proportion of C4-C (C4-C/ (C4-C + C3-C)) in the whole soil under buffel 383 
grass pasture varied from 39 per cent (0-0.1 m and 0.1-0.2 m depths) to 44 per cent at 384 
0.2-0.3 m depths (Table 4). Distribution of C4-C among the various soil size fractions 385 
generally followed similar trend to that of the whole soil (Table 4). That is, after 23 386 
years, 34-45 % of organic C in this soil was replaced by the C4-C contributed by 387 
buffel grass pasture and this new C entered into all the soil particle-size fractions. 388 
 The contribution of C4-C by the sorghum crops to total SOC and SOC 389 
fractions under cropping was substantial. The proportion of C4-C in the whole soil 390 
under cropping was 31 per cent in the 0-0.1 m depth and 42 per cent at 0.2-0.3 m 391 
depth (Table 4), thus, overall it was only slightly smaller than that from buffel 392 
pasture. Again, the distribution of C4-C among the different soil particle-size fractions 393 
was similar to that of the whole soil, between 30 and 40 per cent (Table 4), showing 394 
thereby that substantial amount of C4-C from sorghum also entered into all the soil 395 
particle size fractions.    396 
 397 
3.4. Turnover rates of organic carbon in soil and different soil fractions 398 
 399 
Since the land use change from native vegetation to pasture resulted in the 400 
change from C3 derived SOC to C4-C input to SOC for a period of 23 years, the 401 
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turnover rates of C3-SOC were calculated from the change in δ13C values of organic C 402 
in soil under pasture compared to that under native vegetation using mixed model, 403 
equations 2-4 and 6 (Balesdent et al., 1998; Dalal et al., 2005; Lobe et al., 2005). The 404 
rates of SOC loss decreased from 0.031±0.005 year-1 at 0-0.1 m depth to 0.026±0.002 405 
year-1 at 0.1-0.2 m depth; below this depth the rates of SOC loss were slightly lower 406 
than that at the 0.1-0.2 m depth (Table 5). The rates of SOC turnover from 250-53 µm 407 
fraction were similar to, or lower than, the whole soil while that of the <53 µm 408 
fraction were generally lower than the whole soil, especially at 0.3-0.4 m depth (Table 409 
5). The rates of SOC turnover from the >250 µm fraction were up to 4-fold faster than 410 
the <53 µm fraction down to 0.4 m depths. 411 
The turnover rates of SOC in the cropped soil were similar to that of the 412 
pasture soil in the 0-0.1 m and 0.1-0.2 m depths (Table 5). At 0.2-0.3 and 0.3-0.4 m 413 
depths, the turnover rates of SOC were similar to the top soil depths. The rates of 414 
SOC turnover from the >250 µm fraction were up to 4-fold faster than the whole SOC 415 
and from 2 to 10 times faster than the <53 µm fraction (Table 5).   416 
 417 
3.5. Soil total N and N distribution in different soil fractions 418 
 419 
Total N stocks in soil under pasture and cropping were significantly lower than 420 
that under native vegetation at all depths (Fig. 2). At 0-0.1 m depth, total N stocks 421 
decreased by 19% under pasture and 37% under cropping. Even at 0.3-0.4 m depth, 422 
the corresponding losses showed a similar trend, that is, 23% and 40% losses under 423 
cropping and pasture, respectively. The cumulative total N stocks at 0-0.4 m depths 424 
varied from 3414±235 kg N ha-1 in soil under cropping to 5564±235 kg N ha-1 in soil 425 
under native vegetation, thus showing a loss of 39% under cropping; under pasture, 426 
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the N loss was only 22% (Table 6). Over 23-year period, the annual rates of N loss 427 
from 0-0.3 m and 0-0.4 m depths were estimated to be 78.8 and 93.5 kg N ha-1 year-1 428 
under cropping and 44.7 and 53.1 kg N ha-1 year-1 under pasture.  429 
Among the different soil fractions, significant losses of N occurred primarily from 430 
the >250 µm fraction at all depths studied (Table 7). The cropped soil lost 93%, 85%, 431 
85% and 65% at 0-0.1 m, 0.1-0.2 m, 0.2-0.3 m and 0.3-0.4 m depths, respectively, 432 
from the >250 µm fraction. From 50% to 55% of total N losses from the cropped soil 433 
occurred from the >250 µm fraction (43.4 kg N ha-1 year-1 at 0-0.3 m depth and 46.3 434 
kg N ha-1 year-1 at 0-0.4 m depth). The losses from the pasture soil were 77%, 52%, 435 
62% and 60% at 0-0.1 m, 0.1-0.2 m, 0.2-0.3 m and 0.3-0.4 m depths, respectively. 436 
Total N loss from the >250 µm fraction at 0-0.3 m and 0-0.4 m depths were 33.8 and  437 
36.4 kg N ha-1 year-1; from 69% to 76% of the total soil N losses over 23-year period 438 
occurred from this fraction. 439 
 440 
3.6. δ15N values of total nitrogen and different soil fractions 441 
 442 
δ
15N values varied between 5.5‰ and 8.2‰ for the total N, 2.2‰ and 5.3‰ for 443 
the >250 µm fraction, 3.4‰ and 7.8‰ for the 250-53 µm fraction, and 6.0‰ and 444 
9.8‰ for the <53 µm fractions. Thus, in general, finer soil fractions had higher δ15N 445 
values, reflecting the increased turnover/ transformation of N in the finer fractions 446 
than that in the coarser fractions. However, there were very few significant 447 
differences due to land use change. Only the soil under cropping (8.6‰) had a higher 448 
δ
15N value than either the native vegetation soil (5.4‰) or the pasture soil (5.5‰) 449 
(LSD0.05 = 1.8‰) at 0-0.1 m depth, indicating increased turnover of soil N under 450 
cropping (data not shown).  451 
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 452 
 453 
3.7. Carbon: nitrogen ratio of soil and soil fractions 454 
 455 
Carbon: nitrogen ratio varied from 14 to 20 for the whole soil and increased from 456 
14 at 0-0.1 m depth, 15 at 0.1-0.2 m depth, 18 at 0.2-0.3 m depth and 20 at 0.3-0.4 m 457 
depth. However, no significant difference due to different land uses was observed. 458 
Among the soil fractions, highest carbon: nitrogen ratios were found in the >250 µm 459 
and lowest in the <53 µm fraction. Again, no significant differences within soil 460 
fractions due to land use change were found, although the lowest carbon: nitrogen 461 
ratios generally tended to be in soil under native vegetation (data not shown). 462 
 463 
 464 
3.8. Partial N budget and estimates of greenhouse gas emissions 465 
 466 
A partial N budget after 23 years of annual cropping and perennial pastures 467 
following land use change from native vegetation is produced in Table 8. We have 468 
included total soil N at 0-0.3 m depths, N removed in produce (grain N from cereal 469 
crops, and N in animal produce) (Radford et al., 2007) and estimated plant residue 470 
and root N. N retained in plant biomass in the cropping system immediately after 471 
harvest is low, but substantial amount of N occurs in pasture plant biomass, especially 472 
in the roots of the perennial pasture in this region (Robertson et al., 1993).  Total N 473 
removed in the grain of cereal crops was more than 20 times that removed in animal 474 
produce (Radford et al., 2007). Unaccounted for N in both pasture and cropped 475 
systems were estimated to be essentially similar, that is, 39-42 kg N ha-1 year-1. 476 
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 Estimates of a greenhouse gas budget over the 23-year period for CO2, N2O 477 
and CH4 emissions, expressed as CO2-e ha-1, showed that SOC losses from the 478 
cropping system accounted for 97% of the total CO2-e emissions, the remaining being 479 
N2O emissions (Table 9). For the pasture system, animal CH4 emissions made up 480 
most of the greenhouse gas budget. When greenhouse gas emissions of cropping and 481 
pasture systems were compared, it was apparent that SOC losses contributed almost 482 
two-orders of magnitude more to the greenhouse gas budget of the cropping system 483 
than the pasture system. 484 
 485 
4. Discussion 486 
 487 
4.1. Dynamics of organic carbon in soil and soil fractions 488 
 489 
Land use change effects on total SOC stocks between native vegetation and 490 
perennial pasture after 23 years were not significantly different at any depth (Fig. 1) 491 
or cumulatively down to 0.4 m depth (Table 2). This corroborates the observations 492 
made by Radford et al. (2007), who found no decrease in SOC over the 21-year 493 
period of pasture, although it inherently contained lower SOC concentrations 494 
throughout this period. This may possibly be as a consequence of clearing and 495 
burning of native vegetation biomass for pasture development (Cowie et al., 2007). 496 
Notwithstanding the similar total SOC stocks in soil under native vegetation and 497 
pasture, the distribution of SOC among soil fractions differed significantly. For 498 
example, the >250 µm fraction contained only 12% of SOC under pasture compared 499 
to 43% under native vegetation, that is, a loss of 70% of the >250 µm SOC fraction. 500 
On the other hand, the <53 µm fraction contained 70% of the total SOC under pasture 501 
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but only 41% under native vegetation at 0-0.1 m depth, as was observed by Shang and 502 
Tiessen (2000). In spite of large differences in the changes in the total amount of SOC 503 
in different size fractions under pasture, proportions of C4-C contribution by buffel 504 
grass were essentially similar in the whole soil and particle-size fractions, about 40-50 505 
per cent (Table 5). Conversely, it can be argued that up to half of C4-C input was 506 
sequestered in soil under pasture. That is, SOC losses from C3-C were almost 507 
balanced by C4-C sequestration after the land use change from native vegetation to 508 
buffel grass pasture. Further work is required to elucidate the dynamics of aggregate 509 
formation and stabilisation with regard to SOC under native vegetation versus pasture 510 
in this soil.  511 
Since land use change to pasture also led to the change from C3 vegetation to 512 
C4 vegetation, SOC dynamics could be investigated in the whole soil and soil 513 
fractions due to the change in natural δ13C abundance (Balesdent et al., 1987; Martin 514 
et al., 1990; Balesdent et al., 1998; Boutton et al., 1998; Dalal et al., 2005).  Whole 515 
soil and soil fractions were significantly enriched in δ13C (pasture soil – native 516 
vegetation soil) by as much as 6.1‰ at 0-0.1 m depths although smaller differences 517 
occurred below this depth. That is, C4-C from buffel grass pasture entered all soil 518 
fractions and at all depths studied (Table 4). Similar results were obtained by 519 
Desjardins et al. (2004) where grass C was found in all the soil fractions 15 years after 520 
the forest land was converted to grass pastures. Assuming the decomposition rates of 521 
SOC-C3 and SOC-C4 were similar (Balesdent et al., 1998), SOC turnover rates were 522 
calculated (Table 5). As expected, SOC turnover rates were highest in the top 0.1 m 523 
soil and decreased below this depth. Among the soil fractions, >250 µm fraction 524 
turned over fastest although the turnover rates of the 250-53 µm and <53 µm fractions 525 
were similar. Since total SOC stock was not significantly different over 23-years of 526 
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pasture from that under native vegetation, it was assumed that the rate of C addition to 527 
the soil was similar to that of C loss (rate of C addition = k x SOC stock). We 528 
estimated the rates of C addition to the soil by perennial pasture to be 0.80, 0.32, 0.26, 529 
and 0.21 Mg C ha-1year-1 at 0-0.1 m, 0-1-0.2 m, 0.2-0.3 m, and 0.3-0.4 m depths, 530 
respectively or 1.59 Mg C ha-1year-1 at 0-0.4 m depths. Assuming buffel grass pasture 531 
roots contained 40% C, almost 4 Mg root dry matter ha-1year-1 was added to maintain 532 
SOC stocks during the 23-year period of pasture. These values of required root dry 533 
matter additions are close to the field measured estimates of perennial pastures in this 534 
region. Robertson et al. (1993) measured the root biomass of a perennial pasture, 535 
green panic (Panicum maximum var. trichoglume) and found that it varied from 6 Mg 536 
dry matter ha-1 to 11.4 Mg dry matter ha-1 in the top 0.28 m depth.  Dalal et al. (1995) 537 
measured root biomass of 9.7-11.0 Mg dry matter ha-1 in 0-1.5 m depth of purple 538 
pigeon (Set aria incrassate Staff.) and Rhodes grass (Chloric Guyana Knuth.) pasture 539 
containing some legumes; more than half of the total root biomass was present in the 540 
top 0.3 m depths.  541 
Land use change from native vegetation to cropping led to significant decrease 542 
in total SOC stocks.  Decreases in SOC stocks of 33-34% at all depths (Fig. 1) and 543 
cumulatively at 0-0.4 m depths were observed (Table 2). These findings are consistent 544 
with numerous studies where land use change occurred from native vegetation 545 
(usually fertile soil) to annual cropping, resulting in up to 50% loss (Haas et al., 1957; 546 
Dalal and Mayer, 1986a, Marty et al., 2002; Dalal et al., 2005a; Zach et al., 2006; 547 
Radford et al., 2007). This is primarily considered to occur due to the reduced 548 
addition of organic materials and often increased soil erosion (Dalal and Mayer, 549 
1986a, Marty et al., 2002; Lobe et al., 2005).  550 
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In addition, there may be exposure of new soil surfaces due to aggregate 551 
disruption during tillage operations. This generally results in the enhanced loss of 552 
coarse organic matter (Gambardella and Elliott, 1992), which should be evident from 553 
SOC distribution among soil fractions. We found that the >250 µm SOC fraction 554 
under cropping decreased by more than 90% at 0-0.1 m depth and more than 80% at 555 
0.1-0.2 m depth (Table 3). The 250-53 µm fraction showed much smaller changes, 556 
and generally were not significantly different from either the native vegetation or the 557 
pasture soil fractions although SOC in the <53 µm fraction was significantly higher in 558 
the pasture and cropped soil than the native vegetation soil. Dalal and Mayer (1986b) 559 
found that coarse organic matter from the sand-size fraction (20-2000 µm) was mostly 560 
lost after about 45 years of annual cropping from a similar soil. It is, therefore, 561 
expected that losses of SOC may also occur from the 250-53 µm fraction as the period 562 
of annual cropping increases. 563 
In contrast to land use change from native vegetation to pasture, the cropping 564 
system used C3 crops (13 wheat crops and 1 barley crop, 9 wheat crops in the first 10 565 
years of cropping period) as well as C4 crops (9 sorghum crops, mostly during 11-23 566 
years of cropping period) (Radford et al., 2007; Hutch et al., 2010; CM Thornton, 567 
personal communication). Therefore, the enrichment of δ13C of whole soil and 568 
particle-size fractions was less than that of the pasture soil and soil fractions, although 569 
C4-sorghum C significantly increased δ13C values in the whole soil and soil fractions 570 
compared to that of native vegetation at 0-0.1 m and 0.1-0.2 m depths. Although C4-C 571 
contribution to SOC by sorghum was lower than that from the perennial buffel grass 572 
pasture it was substantial, 30-40 per cent (Table 4). Moreover, C4-C was distributed 573 
almost similarly (30-40 per cent) in all the particle-size fractions and down to 0.3 m 574 
depth (Table 4).  As Diels et al (2004) and Lobe et al. (2005), from mixed C3-C4 575 
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cropping, found that the C inputs from recently grown crops makes significant 576 
difference in soil δ13C and newly introduced C, we found that SOC was significantly 577 
enriched and contained substantial amounts of C4-C in the whole soil as well as the 578 
soil fractions due to the high frequency of sorghum crops grown in the last 13 years of 579 
this study. Since turnover rates of SOC in soil under cropping were essentially similar 580 
to those under pasture, 0.035±0.002 yr-1 at 0-0.1 m depth and 0.026±0.005 yr-1 at 0.1-581 
0.2 m depths (Table 5), we estimated that rates of C addition were 0.66, 0.24, 0.18, 582 
and 0.18 Mg C ha-1year-1 at 0-0.1 m, 0.1-0.2 m, 0.2-0.3 m, and 0.3-0.4 m depths or 583 
1.26 Mg C ha-1year-1. Considering that crop roots contain 40% C (Dalal et al., 1995), 584 
the rate of dry matter addition was estimated to be 3 Mg dry matter ha-1year-1, a value 585 
50% higher than that measured (2 Mg C ha-1year-1) at a 60-year old cropping site on a 586 
similar soil. Robertson et al. (1993) measured the same value of root biomass of 587 
sorghum (2 Mg dry matter ha-1) on a similar soil type.  588 
 589 
 590 
4.2.  Dynamics of total N in soil and soil fractions 591 
 592 
Land use change from native vegetation to perennial pasture significantly 593 
decreased total soil N at all depths as well as cumulative N at 0-0.4 m depths (Fig. 2, 594 
Table 6). This is in contrast to total SOC which was similar under both land uses. 595 
Dalal et al. (2005b) found that total soil N loss was higher than that of total SOC due 596 
to land use change from Acacia aneura to perennial buffel pasture after 20 years.  In 597 
the present study, the decrease in total soil N under pasture was 1027 kg N ha-1 or 598 
almost 45 kg N ha-1 year-1 loss at 0-0.3 m depth compared to that under native 599 
vegetation.  At 0-0.4 m depths, the total soil N loss was even higher, 53 kg N ha-1 600 
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year-1. Similar δ15N values of the whole soil between the native vegetation, 601 
predominantly brigalow (Acacia harpophylla, a legume species) and pasture indicated 602 
that the mature brigalow was not actively fixing N2 in this soil during the study 603 
period, and presumably has reached the steady-state over more than 1,000 years.  604 
Similar to the changes in SOC stocks of the soil fractions, soil total N was 605 
primarily lost (52 - 77%), from the >250 µm fraction at all depths (Table 7), thus, 606 
emphasising the importance of this soil fraction for the dynamics of both the SOC and 607 
total soil N stocks in this soil. These findings also corroborate those from a Lixisol in 608 
which light fraction N (<1.6 Mg m-3) declined by 60-70% after 20-years of buffel 609 
pasture (Dalal et al., 2005). Although δ15N values of the soil fractions increased with 610 
increasing fine fractions, thus, confirming the increased transformation with finer size 611 
fractions (Nadelhoffer and Fry, 1988; Robinson, 2001; Lobe et al., 2005), there were 612 
no significant differences in δ15N values of these fractions between native vegetation 613 
and pasture. Therefore, essentially similar N transformation processes occurred under 614 
both native vegetation and pasture system. 615 
Total soil N decreases under cropping were much greater than those under 616 
pasture. Again total soil N decreased significantly at all depths (Fig. 2) and 617 
cumulatively at 0-0.4 m depth (Table 6). Cumulative total soil N decreases at 0-0.3 m 618 
and 0-0.4 m depths were 1813 and 2150 kg N ha-1 or 79 and 93 kg N ha-1 year-1, 619 
respectively, over the 23-year period. These soil N losses were much larger than those 620 
observed by Dalal and Mayer (1986c), 67 kg N ha-1 year-1 over a 45-year period of 621 
annual cropping. Since total soil N in this soil is still decreasing (Radford et al., 622 
2007), albeit at a reduced rate due to reduced total soil N supply, further soil N losses 623 
are expected. Similar to the pasture, δ15N values were essentially similar among all 624 
three land uses except for the significantly enriched δ15N values in the total soil N at 625 
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0-0.1 m depths, possibly due to preferential N transformation and greater N uptake 626 
and removal by the crop than pasture, leaving behind the soil with enriched N 627 
(Robinson, 2001). 628 
Soil N declined mainly from the >250 um fraction under cropping, as compared to 629 
native vegetation, and generally soil N stocks tended to be lower than those under 630 
pasture. These findings are similar to those observed by Dalal and Mayer (1987) for 631 
the 20-2000 µm fraction under 45-70 years of cropping, and Dalal et al. (2005) for the 632 
light fraction (<1.6 Mg m-3) under annual cropping for 20 years.  Thus, greater 633 
changes in N stocks in the coarse soil fraction or light fraction are again confirmed, as 634 
for that of SOC, and hence for the soil organic matter in this environment (Dalal et al. 635 
2005a, 2005b) and elsewhere (Bole et al., 2005). Soil N losses under cropping from 636 
the other soil fractions were generally not significant from either the native vegetation 637 
or pasture.  638 
 639 
4.3. Partial N budget, sustainable agro-ecosystems and greenhouse gas emissions 640 
 641 
Partial N budget after 23 years of annual cropping and perennial pastures 642 
following land use change from native vegetation showed that the unaccounted for N 643 
in both pasture and cropped systems were estimated to be essentially similar, that is, 644 
39-42 kg N ha-1 year-1, possibly largely due to deep leaching of mineral N. Dalal and 645 
Mayer (1986c) found total soil N losses of 67 kg N ha-1 year-1 from a 45-year old 646 
cropped Vertisol, including 51 kg N ha-1 year-1 removed in the grain and 16 kg N ha-1 647 
year-1 unaccounted for N losses, mainly due to deep leaching of mineral N. In the 648 
present study, similar magnitude of soil N losses were found, but much smaller 649 
amounts of N were removed in the grain (36 kg N ha-1 year-1) (Radford et al., 2007; 650 
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Table 8). Therefore, greater amounts of N remained unaccounted for, presumably lost 651 
due to deep leaching since in this cropping system, about 14 mm year-1 was leached 652 
below 1.5 m depth (Cowie et al., 2007).  Further evidence of deep leaching was 653 
provided by total soil chloride loss of 27-60% from the grazed and cropped soil below 654 
1.5 m depth (Cowie et al., 2007). Nitrate-N losses, therefore, could be similar in 655 
magnitude to that of soil chloride at this site.  Some losses via denitrification are also 656 
possible (Huth et al., 2010).   657 
A partial N budget for the perennial buffel pasture, showing the decreasing 658 
amounts of soil total N (Radford et al., 2007) and unaccounted for soil N losses (more 659 
than 20 times of that removed in the produce), were similar to the cropping system in 660 
this semi-arid subtropical environment. For example, Glover et al. (2010) suggested 661 
that harvested perennial grasslands could provide ecological benchmarks for 662 
agricultural sustainability by conserving resources, especially soil C and N. The 663 
perennial buffel pasture system did maintain the SOC stocks similar to the native 664 
vegetation soil, but soil N declined during the pasture phase so much so that pasture 665 
productivity also declined (Radford et al., 2007). Therefore, this practice may not be 666 
considered sustainable in the long-term in this region. It can be argued that 667 
introduction of a legume component (for N2 fixation) in the perennial buffel pasture 668 
may restore, or at least reduce, soil N decline and therefore provide long-term 669 
agricultural sustainability.   670 
Estimates of greenhouse gas emissions were made from the losses in SOC stocks 671 
under cropping, potential N2O emissions from both pasture and cropping systems, and 672 
CH4 emissions from animals grazing the pasture using IPCC default emission factors 673 
(IPCC, 2006; 2007) (Table 9). It is apparent that SOC losses from the cropped soil 674 
dominated the total greenhouse gas budget from this agro-ecosystem. Greenhouse gas 675 
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emissions as N2O (cropping system) and CH4 (pasture system) were almost two-676 
orders of magnitude lower than CO2 emissions from SOC loss from the cropping 677 
system. It should be added, however, the cropped system did not receive fertiliser N, 678 
and application of fertiliser N may increase N2O emission from the cropped soil 679 
(Dalal et al., 2003; Huth et al., 2010). Land use change from either native vegetation 680 
or permanent pasture to cropping resulting in SOC losses has been responsible for a 681 
large contribution, mainly CO2, to greenhouse gas emissions to the atmosphere. For 682 
example, Houghton (2010) estimated 156 Pg (Gt) was emitted between 1850 and 683 
1998 due to the conversion of native vegetation to agriculture; of this, at least 25% of 684 
CO2 emissions were contributed by SOC loss. Therefore, increasing the storage of C 685 
in SOC through enhanced root biomass, such as may occur when converting cropped 686 
land to perennial pastures, and by using appropriate management practices, including 687 
introduction of legumes, is an attractive option for the mitigation of greenhouse gases. 688 
 689 
5. Conclusions 690 
  691 
Land use change from native vegetation to perennial pasture has maintained 692 
SOC but reduced total N by more than 20% in the top 0.3 m depth of soil, 693 
consequently steadily reducing animal productivity from the grazed buffel grass 694 
pasture over the 23-year period. Moreover, land use change from native vegetation to 695 
annual cropping depleted both SOC and total soil N by 34% and 38%, respectively, 696 
and resulted in decreasing cereal crop yields during the experimental period. Most of 697 
these losses of SOC and total N were largely from the >250 µm fraction of soil. 698 
However, changes in the δ13C natural abundance of soil fractions showed that native 699 
vegetation SOC-C3 losses occurred from both pasture and cropping systems although 700 
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the >250 µm fraction of soil had almost a magnitude higher turnover rates than the 701 
250-53 µm and <53 µm fractions. Loss of SOC during the cropping period 702 
contributed more than two-orders of magnitude CO2-e to the atmosphere than the 703 
pasture system, including CH4 emissions from grazed animals. Even then, the pasture 704 
system is not considered as a benchmark of agricultural sustainability due to 705 
decreasing productivity in this semi-arid subtropical environment. Introduction of 706 
legumes (for N2 fixation) into perennial pastures may arrest the productivity decline 707 
of the pasture system. For cropping system to be sustainable in terms of increasing 708 
SOC and N and reducing greenhouse gases requires a major shift in land use change 709 
from cropping to perennial pasture (including legume component) or even restoring to 710 
native vegetation although environmental sustainability needs to be balanced by food 711 
security. 712 
 713 
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Table 1  861 
Bulk density of soil under native vegetation, and after 23 years of land use for cereal 862 
cropping and perennial pasture. 863 
Soil depth 
(m) 
Soil bulk density (Mg m-3) Level of 
significancea Native Pasture Cropped LSD0.05 
0.0 - 0.1 1.19 1.30 1.26 0.06 * 
0.1 - 0.2 1.35 1.43 1.5 0.14 * 
0.2 - 0.3 1.52 1.54 1.65 0.15 ns 
0.3 - 0.4 1.56 1.59 1.67 0.13 ns 
aSignificant at P<0.05; ns, not significant 864 
 865 
 866 
 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 
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 879 
Table 2 880 
Organic C stocks in soil under native vegetation, and after 23 years of cereal cropping 881 
and perennial pasture land use (corrected for equivalent soil mass). 882 
Soil depth 
(m) 
Soil organic C (Mg ha-1) Level of 
significancea Nativeb Pastureb Cropped LSD0.05 
0-0.1 31.0 25.1 20.5 10.3 * 
0-0.2 52.4 44.0 34.7 15.6 * 
0-0.3 67.7 58.3 44.9 16.8 * 
0-0.4 84.0 71.6 55.9 16.0 * 
aSignificant at P<0.05; ns, not significant. 883 
bValues from Dalal et al. (2011) 884 
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Table 3 899 
Amount of organic C in >250 µm, 250-53 µm, and <53 µm soil particle-size fractions 900 
under native vegetation, and after 23 years of land use for cereal cropping and 901 
perennial pasture.  902 
Depth 
(m) 
>250 µm (Mg C ha-1)* 250-53 µm (Mg C ha-1)* <53 µm (Mg C ha-1)* 
Native Pasture Cropped Native Pasture Cropped Native Pasture Cropped 
0.0 - 0.1 13.4a 3.1b 0.9b 5.0a 4.4a 2.7a 12.6a 17.7b 16.9b 
0.1 - 0.2 3.1a 2.5a 0.5b 1.7a 1.6a 0.8a 16.6a 14.8a 12.9b 
0.2 - 0.3 3.1a 1.8a 1.0a 1.5a 1.6a 1.4a 10.7a 10.9a 7.8a 
0.3 - 0.4 3.7a 2.1a 2.8a 2.4a 2.8a 1.6a 10.2a 9.3a 6.7a 
*Row means for each soil fraction followed by letters not in common differ 903 
significantly at P<0.05. 904 
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Table 4 918 
Percentage of C4-C (C4-C/(C3-C+C4-C) in the whole soil and soil particle-size 919 
fractions after 23 years of land use change from C3 (native vegetation) to (a) C4 920 
(buffel grass) pasture and (b) sorghum cropping 921 
Soil depth 
(m) 
C4-C (%) 
Whole soil >250 µm 250-53 µm <53 µm 
(a) buffel 
0.0 - 0.1 
 
39.6±4.0 
 
44.9±1.5 
 
38.9±1.4 
 
38.2±5.4 
0.1 - 0.2 38.6±5.3 39.8±8.1 33.9±3.3 41.4±8.0 
0.2 - 0.3 44.4±5.3 59.9±11.5 39.2±8.6 43.9±3.6 
 
(b) sorghum 
0.0 - 0.1 
0.1 - 0.2 
0.2 - 0.3 
 
 
31.1±5.8 
34.1±1.1 
41.7±8.9 
 
 
 
33.1±2.2 
36.8±9.6 
40.3±12.5 
 
 
 
32.3±1.2 
34.6±1.7 
39.4±3.3 
 
 
 
29.5±6.9 
34.0±1.8 
41.8±10.1 
 
 922 
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Table 5 931 
Estimated rates of SOC-C3 loss (k) from whole soil and soil particle-size fractions 932 
after 23 years of land use change from C3 (native vegetation) to (a) C4 (buffel grass) 933 
pasture and (b) sorghum cropping. 934 
Soil depth 
(m) 
Rate of SOC-C3 loss (year-1) 
Whole soil >250 µm 250-53 µm <53 µm 
(a) buffel 
0.0 - 0.1 
 
0.031±0.005 
 
0.088±0.011 
 
0.023±0.11 
 
0.019±0.003 
0.1 - 0.2 0.026±0.002 0.048±0.016 0.024±0.013 0.017±0.003 
0.2 - 0.3 0.019±0.003 0.051±0.020 0.013±0.007 0.016±0.003 
0.3 - 0.4 
(b) sorghum 
0.0 – 0.1 
0.1 – 0.2 
0.2 – 0.3 
0.3 – 0.4 
0.017±0.005 
 
0.035±0.002 
0.026±0.005 
0.040±0.009 
0.043±0.026 
0.062±0.026 
 
0.135±0.010 
0.096±0.007 
0.098±0.007 
0.057±0.026 
0.010±0.005 
 
0.039±0.003 
0.050±0.017 
0.026±0.001 
0.039±0.005 
0.010±0.002 
 
0.011±0.003 
0.017±0.006 
0.035±0.008 
0.022±0.010 
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Table 6 944 
Total N stocks in soil under native vegetation, and after 23 years of land use for cereal 945 
cropping and perennial pasture (corrected for equivalent soil mass).  946 
Soil depth 
(m) 
Soil total N (kg ha-1) Level of 
significancea Native Pasture Cropped LSD0.05 
0-0.1 2234 1813 1408 296 ** 
0-0.2 3746 2983 2332 351 ** 
0-0.3 4711 3684 2898 363 ** 
0-0.4 5564 4342 3414 476 ** 
aSignificant at P<0.01 947 
 948 
 949 
 950 
 951 
 952 
 953 
 954 
 955 
 956 
 957 
 958 
 959 
 960 
 961 
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 962 
Table 7 963 
Amount of total N in >250 µm, 250-53 µm and <53 µm soil fractions under native 964 
vegetation, and after 23 years of land use for cereal cropping and perennial pasture.  965 
Depth 
(m) 
>250 µm (kg N ha-1)* 250-53 µm (kg N ha-1)* <53 µm (kg N ha-1)* 
Native Pasture Cropped Native Pasture Cropped Native Pasture Cropped 
0.0 - 0.1 802a 185bc 49b 320a 305a 166a 956a 1279a 1167a 
0.1 - 0.2 178a 86b 26b 105a 89a 46a 1167a 914b 838b 
0.2 - 0.3 110a 42b 16b 85a 64a 56a 679a 534a 438a 
0.3 - 0.4 100a 40b 35b 113a 136a 44a 531a 477a 326a 
*Row means for each soil fraction followed by letters not in common differ 966 
significantly at P<0.05. 967 
 968 
 969 
 970 
 971 
 972 
 973 
 974 
 975 
 976 
 977 
 978 
 979 
 980 
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Table 8 982 
Partial N budget after 23 years of land use for cereal cropping and perennial pasture. 983 
Soil N under native vegetation for 0-0.3 m depth = 4711 kg N ha-1. 984 
Land use Soil N 
0-0.3 m 
Removed in 
produce 
Residue and 
root  N 
Unaccounted N 
Total Annual 
kg N ha-1 kg N ha-1 yr-1 
Pasture 3684 40a 100c 887e 38.6 
Cropped 2898 849b 10d 954 41.5 
aEstimated from the values given by Radford et al. (2007).  985 
bUnpublished data (C M Thornton, personal communication) and estimated from 986 
Radford et al. (2007). 987 
cEstimated from perennial pasture data on a similar Vertisol soil, 2.5 Mg ha-1 DM 988 
litter containing 0.8% N and 10 Mg ha-1 DM roots containing 0.8%N (Robertson et 989 
al., 1993). 990 
dCrop residue estimated as 2 Mg ha-1 DM (using harvest index of 0.4 from average 991 
grain yield of 1.4 Mg ha-1 over the 23-year period (from unpublished data, Thornton, 992 
personal communication) and crop residue containing 0.5%N (values similar to 993 
Robertson et al., 1993, for sorghum in this region). 994 
eUnaccounted N was calculated as follows: soil total N (0-0.3) under native vegetation 995 
(4711 kg N ha-1) – (soil total N (0-0.3 m) under pasture or crop + N removed in 996 
produce + residue and root N) 997 
 998 
 999 
 1000 
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Table 9 1002 
Estimates of greenhouse gas (CO2, N2O and CH4) emissions following land use 1003 
change from native vegetation to pasture and cropping over the 23-year period. 1004 
Land use SOC changea 
(kg C ha-1) 
Soil N2O 
emissionsb 
(kg N ha-1) 
Animal CH4 
Emissionsc 
(kg CH4 ha-1) 
Total GHG 
emissions 
Pasture 0 0.4 30 - 
Cropped 22,800 8.5 0 - 
 kg CO2-e ha-1 
Pasture 0 187 750 937 
Cropped 83,600 3,977 0 87,577 
aSignificant decrease in SOC stocks (0-0.3 m) under cropping but not under pasture. 1005 
bN2O emissions estimated from N removed in animal produce and grain assuming 1006 
50% N use efficiency, using the emission factor of 1.0% for mineralised N (IPCC, 1007 
2006). Conversion from N to N2O, 1.57 and global warming potential of N2O over 1008 
100-year time horizon, 298 (IPCC 2007). 1009 
cAverage stocking rate, 0.5 animals ha-1 (Radford et al., 2007), emission factor of 60 1010 
kg CH4 annually from each animal, and global warming potential, 25 (IPCC, 2006; 1011 
2007). 1012 
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Figure captions 1017 
Fig. 1. Distribution of soil organic C at different depths in native, pasture and cropped 1018 
soils. The line height on top of the bar shows one standard error (n=9). Values from 1019 
Dalal et al. (2011) for native vegetation and pasture soil. At all depths, the cropped 1020 
soil contained significantly lower SOC stocks than the native vegetation soil. SOC 1021 
stocks of the pasture soil at all depths did not differ significantly from either the 1022 
native vegetation or the cropped soil.  1023 
 1024 
Fig. 2.  Distribution of soil total N at different depths in native, pasture and cropped 1025 
soils. The line height on top of the bar shows one standard error (n=9). At all depths, 1026 
soil total N stocks of both the cropped and pasture soils were significantly lower than 1027 
the native vegetation soil and that of the cropped soil  were significantly lower than 1028 
the pasture soil at all depths.  1029 
 1030 
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 1042 
Fig. 1. Distribution of soil organic C at different depths in native, pasture and cropped 1043 
soils. The line height on top of the bar shows one standard error (n=9). Values from 1044 
Dalal et al. (2011) for native vegetation and pasture soil. At all depths, the cropped 1045 
soil contained significantly lower SOC stocks than the native vegetation soil. SOC 1046 
stocks of the pasture soil at all depths did not differ significantly from either the 1047 
native vegetation or the cropped soil.  1048 
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Fig. 2.  Distribution of soil total N at different depths in native, pasture and cropped 1059 
soils. The line height on top of the bar shows one standard error (n=9). At all depths, 1060 
soil total N stocks of both the cropped and pasture soils were significantly lower than 1061 
the native vegetation soil and that of the cropped soil  were significantly lower than 1062 
the pasture soil at all depths.  1063 
 1064 
 1065 
